The Virginia Solite Quarry occurrence of exceptionally abundant and uniquely preserved specimens of the tetrapod Tanytrachelos ahynis offers an opportunity to quantify multiple aspects of vertebrate taphonomy. Presence or absence of 128 skeletal elements and of 136 skeletal variables were recorded for 99 specimens from two distinct layers within the quarry-lake cycles 2 and 16. Anatomical completeness, or the percent of bones and variables present in a specimen, is low in spite of protection given by anoxic bottom waters from predators and scavengers; the median specimen preserves 14.5% of bones and 11.8% of measured variables. Specimen size, soft-tissue preservation, and postexhumation weathering have no significant effect on specimen completeness; soft-tissue preservation has a significant impact on degree of articulation. Tanytrachelos specimens with heterotopic bones are not significantly more complete than those lacking such bones; this quantitative pattern reinforces independent qualitative taphonomic evidence supporting a biological rather than taphonomic interpretation of the two morphotypes. Lake cycles 2 and 16 differ significantly in terms of articulation and anatomical completeness when anatomical specimen completeness has been corrected for postdepositional faulting. Preservation frequency of bones and variables, or the percent of specimens in which a bone or variable is present, varies greatly but is low with substantial removal of smaller skeletal elements and preferential preservation of such hindlimb elements as femora. Low anatomical specimen completeness and positive correlation between bone size and frequency of preservation both indicate specimen disturbance by minor hydraulic currents. Taphonomic patterns support a low-to-moderate-depth depositional environment, which is shallower than the original reconstruction.
INTRODUCTION
This study quantifies the anatomical and morphological completeness of the small aquatic tetrapod Tanytrachelos ahynis from the Triassic of eastern North America, which is found in great abundance within the Virginia Solite Quarry and exhibits soft-tissue preservation in multiple specimens (Olsen et al., 1978; Olsen and Johansson, 1994) . By targeting a fossil collection derived from a locality characterized by exceptional preservation, this study attempts to assess anatomical fidelity of the vertebrate fossil record as preserved in a highly favorable taphonomic setting. Preservation of fully articulated skeletal remains and fossilized soft tissues is exceedingly rare in the fossil record (Bottjer et al., 2002) and constitutes a valuable source of information regarding life in the past.
The resulting taphonomic analysis provides a wide range of insights into the geology of preservation and the biology of this species. For example, the quantitative taphonomic data offer insights into the environmental context of these fossiliferous deposits through critical exami-nation of numerically significant differences in anatomical specimen completeness-the percent of bones or variables present in each specimenas well as by contrasting articulation patterns among specimens from different stratigraphic horizons that both exhibit or lack soft-tissue preservation and high degrees of articulation (i.e., comparative taphonomy sensu Brett and Baird, 1989) . A better understanding of the depositional circumstances that led to the preservation of articulated Tanytrachelos remains will aid potentially in the discovery of Tanytrachelos specimens in other Newark Supergroup basins and may improve our understanding of the taphonomic context that led to the preservation of vertebrate remains with fossilized soft tissues.
Such taphonomic information is vital for the reinterpretation and refinement of current models regarding the depositional setting of these deposits as demonstrated in studies by Fiorillo (1991) and Fiorillo et al. (2000) . The traditional interpretation of the depositional environment of Solite Quarry sediments has been that of a deep, stratified lake with an organic-rich and anoxic hypolimnion-a stagnant bottom-water layer in a stratified lake (Olsen and Johansson, 1994; Fraser et al., 1996) . The presence of a poisonous hypolimnion has been suggested to further explain the presence of soft-tissue preservation within the insect layer (defined in Fraser et al., 1996) . Interpretations that the Tanytrachelos-bearing units correspond to the deepest-water units (e.g., Olsen and Johansson, 1994) have recently been called into question by (1) geochemical data from similar deposits elsewhere within the Newark Supergroup (Niemitz and Cox, 1996) and (2) a preliminary geochemical analysis conducted on a 332 mm section from the Solite Quarry locality, including the insect layer and the sediments above and below. These preliminary results reveal that anoxia increased up section with the most anoxic layers occurring above the insect layer (J. Beard, personal communication, 2005) .
Quantitative taphonomic analysis may also provide biological insights. Specifically, the Tanytrachelos population contains two distinct morphotypes indicated by the presence or absence of paired bones of unknown affinity-referred to here as heterotopic bones-associated with the proximal caudal region, specifically caudal vertebrae 4 and 5 (Olsen, 1979) . The presence or absence of heterotopic bones could be either a taphonomic artifact caused by postmortem loss of the heterotopic bones or indicative of such biological signals as sexually dimorphic populations, developmental polymorphs, or even the presence of two separate species. Quantitative evaluation of the presence of heterotopic bones in the context of the presence of other skeletal elements can provide a rigorous test of this taphonomic artifact hypothesis. If all of these creatures possessed heterotopic bones during life but some specimens lost them because of postmortem processes, it is reasonable to assume that other skeletal elements would have been removed from the body by the same forces. One would, therefore, expect overall anatomical specimen completeness and articulation to reflect this loss of other elements and be lower-fewer numbers of bones preserved per specimen, larger numbers of disarticulated specimens, and smaller numbers of articulated specimens-for specimens missing their heterotopic bones. If the specimens missing heterotopic bones show the opposite pattern or no significant difference in de-QUANTITATIVE TAPHONOMY OF TANYTRACHELOS FIGURE 1-Map of study locality. A) Location of Dan River Basin, Virginia-North Carolina border. Box indicates Virginia Solite Quarry. B) Stratigraphic column from Solite quarry highlighting fossiliferous lake cycles 2, 3, and 16. Black-white couplets correspond to one lake cycle, black ϭ lake divisions 1 and 2 (transgressive and highstand phases), white ϭ lake division 3 (regressive phase). Modified from Olsen et al. (1978) .
grees of completeness and articulation, then a true biological difference is the more likely cause.
METHODS

Study Area
The Cow Branch Formation of the Dan River Basin, part of the Newark Supergroup, is characterized by cyclic rift basin lake deposits of Late Triassic (Carnian) age. The upper member of the Cow Branch Formation is exposed at the Virginia Solite Quarry (Thayer, 1970) , situated on the Virginia-North Carolina border near Eden, North Carolina (Fig. 1A) . The Solite Quarry deposits have yielded an amazing number of the small aquatic tetrapod Tanytrachelos ahynis as well as insects, plants, fish, and dinosaur trackways (Fraser et al., 1996) . Collectively, there are over 30 transgressive rift-basin lake cycles, exposed in two separate quarries. The changing lake levels, which ranged from complete exposure to a depth of 200 m or more (Olsen and Johansson, 1994) , have been interpreted as recording Milankovitch-style climate forcing (Olsen, 1986) . Of the 17 cycles in the more western of the two quarries (Fraser and Grimaldi, 2003) , lake cycles 2, 3, and 16 have been the dominant source of macrofossils (Fig. 1B) . Owing to the limited accessibility of other cycles, which are not exposed along the strike, large-scale excavations have only been undertaken for lake cycles 2 and 16. The limited number of specimens from lake cycles other than 2, 3, and 16, however, yield no evidence of articulated Tanytrachelos remains. Olsen et al. (1978) separated each lake cycle into three divisions: (1) a transgressive phase characterized by increasing lake depth, (2) a highstand phase characterized by the greatest lake depth, with depths putatively reaching 200 m in some cycles, and (3) a regressive phase characterized by a drop in lake depth and complete desiccation in some cycles. An unusually fossiliferous sequence has long been recognized within division 2 of cycle 2 (Olsen and Johansson, 1994) . This short interval has been divided into 10 cm-scale horizons referred to by number. Horizon 1 marks the upper limit of this rich fossiliferous unit within cycle 2, and the lowermost horizon 10 is synonymous with the so-called insect layer of Fraser et al. (1996) . The insect layer is notable for its complete insects, representing at least seven different orders, preserved as twodimensional graphitized remains (Fraser et al., 1996) in black, microlaminated calcareous siltstone (Olsen et al., 1978) . The insect layer was interpreted traditionally to represent the anoxic bottom waters of an extremely deep and stratified lake in which carcasses were protected from bioturbation and disruption (Olsen et al., 1978; Olsen, 1986) . Tanytrachelos specimens from within the insect layer display soft-tissue preservation in the form of muscle blocks, tendons, and skin impressions. For a more complete description of the study area, refer to Fraser et al. (1996) and Fraser and Grimaldi (2003) .
Specimen Selection
Ninety-six of the 99 specimens analyzed in this study come from lake cycle 2 or 16. Two specimens are from lake cycle 3, and one is from stratigraphically unidentifiable spoils. Specimens were selected for their clear representation of identifiable skeletal elements, specifically multiple limb elements. Completely articulated specimens, partially articulated specimens, and disarticulated specimens with clusters of multiple bones were included in the analysis provided the skeletal elements were easily identified and only elements from a single individual were present. No hydraulically accumulated bone assemblages or transported, individual skeletal elements were analyzed. This sampling scheme is geared toward deriving the most optimistic estimate of the anatomical completeness as the inclusion of fragments or isolated elements would further lower all numerical estimates reported here. Degree of disarticulation was separated into three distinct states: 0 ϭ completely articulated specimens, corresponding to the articulated state of Behrensmeyer (1991) in which bones retain their exact anatomical positions relative to one another (Fig. 2A) ; 0.5 ϭ partially articulated specimens with either strings of articulated vertebrae and disarticulated limbs or articulated limbs separated from the body (Fig. 2B) ; and 1 ϭ completely disarticulated specimens that may contain all or some skeletal elements in close proximity with each other and are likely preserved in situ, corresponding to the disarticulated but associated state of Behrensmeyer (1991) in which bones may be separated from each other but remain in close proximity and retain their identity as parts of individual animals (Fig. 2C) . Diagnosis of the degree of articulation was made independent of numerical estimates of anatomical specimen completeness (i.e., percent of bones or variables present).
The presence or absence of 128 bones was counted for each specimen, including cranial material, 12 cervical vertebrae, the first 11 caudal vertebrae, 2 heterotopic bones, as well as femora, fibulae, tibiae, humerii, radii, ulnae, metacarpals, astragali, metatarsals, and all phalanges of the manus and pes for both left and right sides. Cranial elements were preserved rarely and, therefore, treated as a single presence or absence character rather than a count of specific bones of the skull. Any partially complete bones were counted as present. In addition, simple length and width measurements of bones were recorded as morphometric variables (Fig. 3) . Measurements of linear dimensions, or variables, for which an accurate measurement of length could not be obtained were treated as missing values. This protocol excludes those variables for bones that are missing and also those that are for anatomical positions lost from any partially preserved bones. Many bones have multiple measurements, or variables, and are, therefore, represented in the analyses of morphometric variables in a manner proportional to their completeness. For example, a proximal fragment from a long limb bone would yield measurements for the variables of proximal width, minimum width, and distance from the proximal tip to the point of minimum width, but values for the variables of total length and distal width are reported as missing. This yields a completeness of 60% for this single bone-3 measured variables Ϭ 5 possible variables*100 ϭ 60%-versus 100% completeness by counting the fragmented limb bone as present in presence-absence analysis. This metric, therefore, yields valuable information on the completeness of specimens subtly different from that of the simple tabulation of number of bones present within a specimen.
All variables were measured to the nearest 0.1 mm using a digital caliper under a dissecting microscope. Two variables measure packages PALAIOS CASEY ET AL. of multiple vertebrae: length of neck refers to the length of the vertebral column extending from the base of the skull to the posterior end of the twelfth, and final, cervical vertebra; length of thoracic cavity refers to the length of the vertebral column from the anterior end of the first thoracic vertebra to the posterior end of the last thoracic vertebra (anterior to the pelvis; see Fig. 3 ). All other variables measure linear dimensions of individual bones.
Because of the faulted nature of the deposits in the Solite quarry (Ackerman et al., 2003) , a correction factor was calculated for faulted slabs to evaluate more accurately the biostratinomy of this assemblage. In many cases, specimen slabs are faulted with anterior and posterior ends of the specimen vertically or laterally offset. Often the lateral offset could be traced along the faultline to find the corresponding partial specimen. Partial specimens, however, were usually lost in the case of vertical offset because specimens are extremely difficult to recognize in cross section owing to the intensely compressed nature of the sediments. In cases where the corresponding partial specimen could not be found, percent completeness was corrected by substitution of the original denominator (128 possible bones examined with the total number of bones possible if an entirely complete skeleton were faulted in the same location). For example, a posterior-half specimen missing the most distal phalanges of the pes contains 53 bones. The original anatomical completeness calculation yields a value of 41.4%, or (53 Ϭ 128)*100 ϭ 41.4%. But a fault through the thoracic cavity removed the entire anterior end and any bones that might have been preserved. Counting only bones posterior from the fault-femora, fibulae, tibiae, astragali, metatarsals, and phalanges of the pedes for both right and left sides, heterotopic bones, and the first 11 caudal vertebrae-resulted in a total of 67 posterior bones that could possibly be preserved on this portion of the slab if the specimen was initially complete before faulting. The fault-corrected anatomical completeness then yields a value of 79.1%, or (53 Ϭ 67)*100 ϭ 79.1%. Quantitative analyses were performed with and without the correction factor for loss of anatomical elements due to faulting.
Each specimen was also categorized using nine grouping variables, including one trichotomous and eight dichotomous categorical schemes. The full list of grouping variables and their definitions is provided in Table 1 . Lake-cycle diagnosis was determined by stratigraphic position. Morphotype, weathering, and soft-tissue preservation were diagnosed as presence or absence characters.
Statistical Tests and Software
A combination of procedures provided by Statistical Analytical Software (SAS) and custom-designed codes written in SAS-Interactive Matrix Language (SAS-IML) were used to sum up the number of observations for (1) bone-preservation frequency (the percent of specimens in which a given bone was found), (2) measured variable-preservation frequency (the percent of specimens for which a given measurement was obtained), and (3) anatomical specimen completeness (the percent of bones present or variables measured within a given specimen). Statistical Analytical Software-Interactive Matrix Language was used also to examine the number of specimens containing two bones simultaneously for an exhaustive list of every possible pair of bones. The preservation frequencies of bone pairs were then grouped by lead bone, or first bone, in order to remove all repeated pairs or doubles (e.g., left femur and right femur versus right femur and left femur) and analyze unique bone combinations only. This analysis was repeated for measured variable pairs. Mean skeletal element size was computed for each bone by summing all measured values for the total length of that bone and dividing by the number of occurrences in the database. This estimate of average size was paired with both the preservation frequency of that bone and the average preservation frequency of all measured variables from that bone. Average size could not be computed for skeletal elements, which were counted but never measured.
Because of the skewed nature of all distributions, the Wilcoxon test with normal approximation (a nonparametric test of differences in median) was used to evaluate questions statistically about the central tendency of samples and groups of samples. Fisher's exact test was employed to test for significant difference in the frequency of specimens among disarticulation states grouped by categorical variables (2 ϫ 2 and 2 ϫ 3 homogeneity tables). The significance of correlations between anatomical specimen completeness and specimen size, as well as between bone preservation frequency and average bone size, was assessed using Pearson and Spearman rank correlation coefficients. Because of heteroscedasticity (i.e., variance heterogeneity), strong departures from normality in size frequency distributions of individual variables, and allometric growth patterns typifying vertebrates, all linear dimensions measured from bones were log-transformed prior to analyses. Log-transformation is applied routinely to linear dimensions measured from allomterically growing invertebrate (e.g., Kowalewski et al., 1997) and vertebrate (e.g., Houck et al., 1990 ) organisms, as this approach tends to linearize the data (e.g., Hammer and Harper, 2006) and standardize variances without removing information about allometry (e.g., Joeliceur, 1963; Strauss, 1985) . Ratios of two linear measurements, however, were plotted here using raw rather than log-transformed data, because those ratios tend to behave linearly in the case of our data (as expected for allometrically related variables), are more intuitive than ratios of logarithms, and, in our case, yielded results consistent with patterns and statistical outcomes obtained for log-transformed ratios (not shown here). In all cases, alpha ϭ 0.05 was assumed for statistical decisions.
RESULTS
Results are reported in terms of two types of metrics. The first metric, anatomical specimen completeness, provides a per-specimen measure of completeness and is defined as either (1) the percent of bones present within a given specimen (the number of bones present divided by 128 possible bones examined, multiplied by 100; Figs. 4A-B) or (2) the percent of variables that could be measured within a given specimen (the number of variables for which measurements could be obtained divided PALAIOS CASEY ET AL. 4C-D). The second metric, the preservation frequency of skeletal elements, provides a per-bone or per-variable measure of preservation and is defined as either (1) the percent of specimens in which a bone occurred (the total number of times a bone was observed divided by total number of specimens, multiplied by 100; Fig. 5 ) or (2) the percent of specimens in which a morphometric dimension or variable could be measured (the total number of times a variable could be measured divided by the total number of specimens, multiplied by 100; Fig. 6 ). These two metrics of preservation frequency are hereafter referred to as preservation frequency of bones and preservation frequency of variables, respectively.
Bone Analyses
The median anatomical specimen completeness is only 14.5% of bones (Fig. 4) . Interestingly, one completely disarticulated specimen had no bones that could be identified precisely enough to be coded for this analysis (Fig. 4A) . For example, the forelimb epipodials could not be unequivocally distinguished between radius and ulna, or the proximal caudals could not be referred specifically to first, second, third, and so on. Only 12% of specimens contained more than half of the maximum number of bones. A cumulative decay curve of anatomical specimen completeness (Fig. 4B) shows that the top 25% of specimens in terms of completeness contain more than 30% of bones, but these are not necessarily overlapping sets of the same bones in each specimen. Less than 15% of specimens preserve 50% or more of the bones targeted in this study. When the preservation frequency of bones is examined in a pairwise fashion, so that the presence of each combination is only counted if a given specimen has both bones constituting the pair, the number of specimens containing specific bone combinations drops off markedly (Fig. 7) . Ten, two-bone combinations were never found co-occurring in a single specimen (Fig. 7A) . Only 110 out of a possible 8,128 (1.4%) unique two-bone combinations occur in more than 30% of specimens (Fig. 7B) .
As summarized in Table 2 , specimens do not vary significantly in their anatomical specimen completeness when grouped by lake cycle, morphotype, soft-tissue preservation, or extent of specimen weathering. When grouped by their degree of disarticulation, the completely articulated specimen group showed a significant difference in median anatomical specimen completeness from either the slightly disarticulated group or the completely disarticulated group (Table 2) . Totally disarticulated specimens, however, did not differ significantly from slightly disarticulated ones. For this reason, the slightly and completely disarticulated specimen groups were combined for subsequent analyses.
The fault-corrected anatomical specimen completeness data show similar trends to those listed previously. Morphotype, weathering, and softtissue preservation groupings persist in showing no significant difference in median anatomical specimen completeness (Table 2 ). There is a significant difference in median anatomical specimen completeness, however, between specimens from lake cycle 2 and lake cycle 16 (Table 2) , which was not seen in previous tests.
Specimens with soft-tissue preservation were significantly more articulated than specimens without soft-tissue preservation (Table 2 ). Lake cycle 2 had significantly more articulated specimens and fewer disarticulated specimens than lake cycle 16, though this pattern did not persist after the removal of the insect-layer specimens from the overall lake cycle 2 analysis (Table 2) . No other grouping variables showed significant results in terms of different specimen frequencies among disarticulation states.
The preservation frequency of bones is also low throughout the entire assemblage. The bone exhibiting median preservation (Figs. 5A-B) is present in 19% of specimens. Twenty-one percent of bones were present in 5%-10% of specimens (Fig. 5A) . Only 10% of bones were present in more than half of the specimens (Fig. 5B) . When separated into anatomical subgroups, the hindlimb bones (Figs. 5C-D) are most commonly preserved; they are present in at least 40% of specimens (median ϭ 46.5%). Hindlimbs, specifically femora, are extremely abundant in specimens studied. Forelimb bones (Figs. 5E-F; median ϭ 26%), bones of the axial skeleton-including skull, cervical, and caudal vertebrae-and heterotopic bones (Figs. 5G-H; median ϭ 36.5%) are moderately common. The bones of the distal skeleton-including astragali, metatarsals, metacarpals, and phalanges of the manus and pes-are rare (Figs. 5I-J; median ϭ 13%).
There is no significant correlation between body size and anatomical completeness, whether expressed as percent of bones present (r 2 ϭ 0.04, p ϭ 0.08; Fig. 8A ) or percent of variables measured (r 2 ϭ 0.01, p ϭ 0.50; Fig. 8B ). There is, however, a significant correlation between the preservation frequency of a given bone and its relative size (r 2 ϭ 0.66, p ϭ 0.0001; Fig. 9A ), as well as between the preservation frequency of variables averaged for all variables from a given bone and the relative size of that bone (r 2 ϭ 0.66, p ϭ 0.0001; Fig. 9B ).
Measured Variable Analyses
Anatomical specimen completeness expressed as the percent of variables that could be measured shows a similar trend to anatomical specimen completeness expressed as the percent of bones present, with the median specimen containing 11.8% of variables in measurable condition (Figs. 4C-D) . In 8% of specimens, the bones were incomplete or too degraded, and no variables could be accurately measured even though the bones present were counted for the presence-absence analyses (Fig.  4C ). Only 2% of specimens yielded measurements for more than half of measured variables (Fig. 4D) . Over 1,110 measured variable pairs were never found in a single specimen (Fig. 7C ). Only 40 of a possible 9,180 (0.4%) unique measured variable pairs were measured in more than 30% of specimens (Fig. 7D) . All categorical variables-lake cycle, morphotype, soft-tissue preservation, and extent of specimen weathering-show consistent trends to those for anatomical specimen completeness expressed as bone presence in percent of specimens.
Total preservation frequency shows that 35% of measured variables are measurable in less than 5% of specimens (median ϭ 12%; Fig. 6A ). This group includes such measured variables as vertebral transverse process widths for caudal vertebrae 8-11, which were included in the database for completeness but never actually found in measurable condition. Only 4% of variables could be measured in at least half of the specimens (Fig.  6B) . The anatomical subgroups for preservation frequency of variables are the same as those discussed earlier for preservation frequency of bones. Hindlimb measured variables (Figs. 6C-D) show a relatively high median preservation frequency with variables measured within 30% specimens. Forelimb measured variables (Figs. 6E-F) display relatively lower median preservation frequency with variables measured within 17.5% of specimens. Axial skeleton measured variables (Figs. 6G-H) show much lower median preservation frequency with variables measured within 5.5% of specimens. Distal measured variables (Figs. 6I-J) show the lowest median preservation frequency with variables measured within 3% of specimens. Measured variable-preservation frequency is lower in all cases than bone-preservation frequency, but this is substantially so in the case of the axial skeleton and distal skeleton groupings. The median preserved bone from the axial skeleton grouping is present in 36.5% of specimens (Fig. 6G) , whereas the median axial skeleton variable could be measured in only 5.5% of specimens (Fig. 5G) . Within the distal skeleton grouping, the median value dropped from presence in 13% of specimens for bones to measurement in 3% of specimens for measured variables.
DISCUSSION
Anatomical specimen completeness and degree of articulation are surprisingly low, considering that all specimens included in this study came from deposits representing sediments that were anoxic and free from predators and bioturbation (Fraser et al., 1996) . Hydraulic factors are most likely responsible for the low specimen completeness. Once soft QUANTITATIVE TAPHONOMY OF TANYTRACHELOS ← FIGURE 5-Preservation frequency of bones among specimens, or percent of bones present in percent of specimens. Left Column: Distribution of bone preservation frequencies. A) All skeletal elements. C) Hindlimb bones, including femur, tibia, and fibula. E) Forelimb bones, including humerus, radius, and ulna. G) Axial skeleton bones, including cervical vertebrae (12 total), heterotopic bones, and caudal vertebrae 1-11. I) Distal skeleton bones, including astragalus, metatarsals, metacarpals, and phalanges of the pes and manus. Right Column: Cumulative decay curves of percent of bones present in at least a given percent of specimens. B) All bones. D) Hindlimb bones. F) Forelimb bones. H) Axial skeleton bones. J) Distal skeleton bones. tissues start to decay, such tiny, distal bones as those most commonly missing from this assemblage are easily moved away from the skeleton by minor flow disturbances (Brand et al., 2003) . One would expect hydraulic removal of skeletal elements to leave a distinct pattern of sizedependent preservation frequency. Indeed, there are strong, significant correlations between size of a bone and the percent of specimens in which that bone is present and the percent of specimens in which variables from that bone can be measured. The lack of erosive contacts and the continuous nature of the laminated shale units-often traceable for kilometers (Olsen, 1990 )-preclude turbidites as a potential source of these deepwater hydraulic disturbances. Such nonhydraulic agents of removal as dissolution could have been responsible for loss of the smaller elements. Such evidence for this-for example, surface pitting-would be expected to be present on the preserved elements; this is not the case, however.
Lake Depth
Results of this taphonomic study support a revised, geochemically derived depositional environment model in which the Tanytrachelos-bearing units are not as deep as previously assumed (J. Beard, personal communication, 2005) . In this revised interpretation, the three lake divisions established by Olsen et al. (1978) are maintained but with a substantially shallower lake highstand for lake cycle 2 and the insect layer therein. At its deepest, the lake is connected to such outside water reservoirs as other lakes that supply aerated water to the lake's epilimnion-the wind-mixed upper layer of a stratified lake-while the bottom waters remain anoxic. As the lake shallows, it becomes restricted as all association with other water sources are cut off. Transgressive-regressive lake cycles (Olsen 1986 (Olsen , 1990 attributed to this change between open-and closed-basin conditions (sensu Gore, 1989) may be recorded at the parasequence scale (Carroll and Bohacs, 1999) . Lake stratification within the closed-basin system is reduced to an extremely thin epilimnion or no longer maintained because of mixing by winds or lack of outside water input into the epilimnion, which creates slightly anoxic or disoxic conditions. This lake-margin environment-slightly anoxic and shallow to moderate in depth-corresponds to the Tanytrachelos-bearing units in which Tanytrachelos specimens are about three times as common as all fish fossils (Olsen et al., 1978) and large fish are absent. Other horizons contain numerous fish fossils, which were more likely to live in a deeper-water environment than that recorded by the insect layer or were adversely affected by the hypolimnion environment.
Furthermore, it is hard to explain a method by which numerous complete insects like those present in the insect layer could fall through a deep, partly oxygenated water column without losing wings, legs, or being eaten completely. The speed of transition from an ephemeral lake through moderate-depth, marginal conditions to a deep stratified lake may be responsible for the presence or absence of articulated Tanytrachelos specimens within various lake cycles. The controversy regarding the depositional setting of this locality (Thayer and Robbins, 1994) , and of the insect layer in particular, highlights the need for extensive geochemical analysis of the entire exposure at this locality. This work is in progress (J. Beard, personal communication, 2005) , and it may be possible to determine any correlation between variation in geochemistry and the differential taphonomy of each horizon.
Before making any inferences concerning variation in depositional environments on the basis of comparative taphonomy, it is important to correct for any postburial taphonomic biases. Only when the faulted-slab specimens were corrected for, in terms of the percent of bones present, did the subtle differences in completeness and degree of articulation between cycles 2 and 16 become apparent. These preservation differences could be due to variations in such variables as lake depth, energy regime (brought on by transitioning from an open lake to lake margin), softtissue-preserving conditions (brought on by anoxia), or other aspects of the sediment-water interface chemistry, including alkalinity, euxinia, or bacterial activity.
Soft-Tissue Preservation
Clearly the taphonomic history of specimens with soft-tissue preservation is different from that of specimens lacking soft tissue. We propose two rather different scenarios to account for this difference. First, all Solite Quarry specimens retained soft tissues at the time of burial, resulting in specimens with high levels of articulation regardless of the presence or absence of visible soft tissues after burial diagenesis. Alternatively, at the time of burial, in most cases, soft tissues were no longer present. This would result in decreased articulation and completeness for those specimens lacking fossilized soft tissues. In the Solite Quarry specimens, those preserved with visible soft tissues are significantly more articulated. The absence of fossilized soft tissues, therefore, seems to reflect their true absence at the time of burial rather than a failure of buried soft tissues to fossilize.
The insect-layer portion of lake cycle 2 formed in unique conditions favorable to soft-tissue preservation. Even though the rate of bacterial decay is slower in anoxic or disoxic settings such as this one, the difference is not likely to be significant on a geologic time scale (Allison and Briggs, 1991) , especially in a lake environment characterized by very slow sedimentation rates. The dominant method of anaerobic decay in freshwater systems is methanogenesis. Though bacterial decay by methanogenesis proceeds more slowly in freshwater sediments than marine sediments, experimental results indicate that soft tissues completely deteriorate on the scale of weeks in freshwater environments (Allison, 1988a ). Anoxia's most important contribution toward soft-tissue preservation is, therefore, the promotion of early diagenetic mineral precipitates that replicate or coat soft tissues and are the only way to arrest degradation caused by the decay process (Allison, 1988a (Allison, , 1988b . Anoxia may also slow decay rates sufficiently to inhibit carcass floating. Though floating carcasses go through a predictable sequence of degradation (Schäfer, 1972) , the preservation potential of any one stage is extremely low, and the ultimate result is the complete disarticulation, and often wide dispersal, of skeletal elements. Subsequent investigations by call the role of anoxia in float suppression into question and highlight the need for research into those additional factors that govern carcass floating, such as gas solubility, water depth, surface-area-to-volume ratios, skin permeability, and skin strength.
The occurrence of soft-tissue preservation within the insect layer may be further explained by a poisonous as well as an anoxic sediment-water interface. The abundance of conchostracans (Tasch, 1969) and the presence of primary dolomite (J. Beard, personal communication, 2005) suggest increased levels of alkalinity within the insect layer, which may be a factor in soft-tissue preservation. Preliminary geochemical evidence also points to high levels of fluorine within the insect layer as a potentially important factor (J. Beard, personal communication, 2005) . Surdam (1977, 1981) and Biaggi et al. (2000) reach similar conclusions, proposing shallow-and, in the latter case, alkaline-conditions as the depositional environment of the exceptionally preserved fish fossils from the Eocene Green River Formation of Wyoming. Mul- tiple lines of independent evidence seem to indicate that deep, anoxic, stratified lake conditions may not be such integral components of softtissue preservation as thought previously (Biaggi et al., 2000) . While specimens preserving soft tissue might be better articulated, they are not more complete than those lacking soft tissues. This suggests that something other than early diagenetic mineral precipitation is controlling completeness. We have no explanation for this difference, and we hope that future detailed geochemical analyses will shed light on the nature and potential causes of the preservational differences between lake cycles 2 and 16.
QUANTITATIVE TAPHONOMY OF TANYTRACHELOS
Weathering
Postexhumation weathering has not significantly obstructed either the true biological or preburial taphonomic signal of the assemblage in terms of anatomical specimen completeness or articulation. This seems counterintuitive and could be related to the small nature of the fossils, the hard, metasedimentary nature of the rock matrix, or the relatively protected conditions within the quarry. This in no way excludes the possibility of significant postexhumation alteration of fossil material by weathering processes at other localities or other types of vertebrate assemblages.
Sexual Dimorphism
Multiple lines of taphonomic evidence, both quantitative and qualitative, suggest that the presence or absence of the paired heterotopic bones is a true biological signal and not a taphonomic artifact. For the taphonomic artifact hypothesis to be accepted, the overall anatomical specimen completeness and articulation of specimens missing heterotopic bones should be lower to reflect the loss of multiple skeletal elements by postmortem taphonomic processes-fewer numbers of bones preserved per specimen, larger numbers of disarticulated specimens, and smaller numbers of articulated specimens-but this is not the case. One would also expect to find specimens with only one heterotopic bone removed if their absence was taphonomic, but no such specimens have been found. In addition, one of the best-preserved specimens in the Virginia Museum of Natural History collection (VMNH 2828) containing soft-tissue preser- Surdam, 1977, 1981; Wells et al., 1993; Ferber and Wells, 1995 vation of tendons, muscle blocks, and some skin impressions, lacks heterotopic bones. Femora are by far the most common bones in this assemblage. This lends numerical support to the anecdotal claim that there are more posterior halves than anterior halves in the museum collection. It stands to reason that such larger, more robust elements as femora would have greater preservation potential than proportionally much smaller forelimb skeletal elements. An additional, but not mutually exclusive, explanation may be that when searching for relatively small, black bones against a black matrix, the much larger femora are easier to recognize in the field. The differential preservation potential of different bones highlights an important caveat: the method used here puts the same importance on all bones. Since phalanges are more likely to be missing, a specimen missing a femur may be more taphonomically informative or considered more incomplete than one missing a single phalange, yet an approach such as this would not call attention to such differences. It should be emphasized, however, that the measured variable analyses show some weightingsmall distal elements contain only a single measurement whereas long limb bones contain five variables-and yet, in all possible analytical cases, show patterns and outcomes of significance consistent with those obtained by the simple counting of bones.
QUANTITATIVE TAPHONOMY OF TANYTRACHELOS
Uneven preservation frequencies of variables, in addition to low specimen completeness, make multivariate morphometric studies prohibitive in all but the most abundant vertebrate-fossil assemblages. Many common such multivariate morphometric analytical techniques as principle component analysis do not allow for missing values. A large number of skeletal elements and variables must be included, covering all regions of the body to maintain anatomical fidelity and restricting sample size by including rare variables. In order to get a statistically meaningful result, a large sample size is necessary, which, in turn, requires a choice between excluding rare variables or excluding incomplete specimens. In this example, a study conducted on the morphology of the femur would not be limited in terms of sample size, but such a study is likely to miss many important morphological aspects of the population. Thus, even in the case of such an exceptional fossil Lagerstätte as the Solite Quarry assemblages, one must have access to a large number of specimens in order to conduct statistically meaningful multivariate tests. The Solite Quarry, however, is ideal for qualitative analysis and taxonomic description because only a small number of excellently preserved specimens are required to reduce the number of unknown character states and to conduct a meaningful systematic analysis (Rieppel et al., 2003) .
Last, the quantitative taphonomic methods used here are applicable in other situations, especially those in which competing hypotheses of depositional environment formation need to be tested or those that compare multiple horizons with nonuniform preservational regimes. Localities characterized by highly variable preservation qualities and modes within a single horizon, such as the Solite Quarry or the Green River Formation (Ferber and Wells, 1995) , make comparison between horizons or localities difficult. Preservational heterogeneity prohibits qualitative taphonomic characterization from encompassing the full extent of the differences between sites because of the seemingly overwhelming variation within each horizon. In such cases, quantitative analysis can pick out cryptic or subtle, yet statistically significant, differences in such taphonomic metrics as articulation, anatomical completeness, and weathering between horizons or localities.
Testing competing models of depositional environment formation can be difficult when dealing with localities characterized by fine-grained and PALAIOS CASEY ET AL. FIGURE 9-Size-dependent distribution of bone preservation frequencies. A) Percent of specimens in which bone was present by relative bone size-ratio mean length of bone: mean femur length, r 2 ϭ 0.66, p ϭ 0.0001. B) Distribution of average preservation frequency in percent of specimens for all measured variables on a given bone by relative bone size-log ratio mean length of bone on which measured variables occurred: mean femur length, r 2 ϭ 0.66, p ϭ 0.0001. laminated sediments-low-energy settings-that are prevalent sources of exceptional preservation (Table 3) . Deposits of this sort sometimes lack diagnostic sedimentary structures that distinguish moderate or shallowwater settings from those accumulated at greater depth (e.g., the Green River Formation; Ferber and Wells, 1995; Wells et al., 1993) . In lowenergy lacustrine environments, as represented by the Solite Quarry deposits and the Green River Formation, minute differences in hydraulic regime corresponding to deposits of moderate versus great water depth are too subtle to detect using such standard qualitative taphonomic methods as Voorhies groups (Voorhies, 1969) , which rank anatomical groups by their relative transport potential and are used to analyze hydraulic sorting in fluvial settings. By recording the average length of small skeletal elements in addition to their presence or absence, however, sizecorrelated sorting trends not visible to the naked eye can be discerned and used to differentiate between low-energy settings. CONCLUSIONS 1. Lower than expected anatomical specimen completeness and degree of articulation further support recent geochemical evidence suggesting that the depositional environment for Tanytrachelos-bearing units was a relatively shallow lake setting.
2. Postfossilization processes-postexhumation weathering and faultinduced shearing of specimens-are important factors affecting preburial taphonomic signatures. Solite Quarry specimens, however, were not significantly affected by postexhumation weathering. Fault-induced anatomical specimen incompleteness significantly altered the taphonomic signal regarding specimen completeness, and the application of a completeness correction was an important step in evaluating the biostratinomy of this assemblage.
3. Absence of heterotopic bones does not correspond to significantly less complete specimens and appears to indicate a true biologic, rather than taphonomic, signal.
4. Quantitative taphonomy is useful when examining subtle or complex taphonomic trends that traditional qualitative taphonomic methods might not adequately capture-the differences in specimen completeness between lake cycle 2 and 16. Quantitative taphonomic methods, therefore, may be widely applicable in comparative taphonomic studies of other exceptionally preserved or low-energy fossil localities.
5. The combination of low anatomical specimen completeness and biased preservation frequency of variables from different anatomical regions, favoring hindlimbs, makes multivariate morphometric analysis difficult but is not likely to affect potential systematic or qualitative analyses.
